The mode of pain production in the tissues of the body and the nervous pathways traversed after impulses are incited are complex and difficult of study. In recent years, however, illuminating experimental data have accrued to the extent that some definite concepts may now be briefly stated. Since pain is the driving force which most frequently urges the patient to consult a physician, and since the desire is for relief of pain, an understanding of such phenomena is of importance to practitioner and to specialist.t
Visceral Pain
It was not until the introduction of local anesthesia that it became generally appreciated that patients would not complain when the viscera were handled. If the abdominal wall alone were blocked off with an anesthetic, an incision could be made through the wall and the viscera painlessly examined. So Lennander80 theorized that the gut was insensitive, claiming that only irritation or traction of parietal peritoneum would cause visceral pain. But this was proven untrue,27 40 for although the intestine could be handled painlessly and even cut in two with a knife a stretching or balloon-like expansion was found to give rise to considerable pain. From such observations arose the present-day concept that the induction of pain in a viscus depends on what is termed an "adequate stimulus," which is another way of stating that only those conditions which may physiologically occur in an organ are capable of producing pain. Thus, cutting the intestine with a knife can hardly be conceived as a function which the intestinal nerves would be constructed to interpret as pain. An "adequate [i.e., physiological] stimulus" of the intestine would be contraction or expansion of the wall, as, for example, when gas is present, and these conditions, if violent, give rise to pain. This concept is well founded upon studies by several groups of workers.12' " 26, 45, 46 Further, it has been shown that the vessels vascularizing the viscera may also give rise to pain, as in (1) operative crushing of vessels, reported by Leriche82 and also by Livingston;`5 by (2) distension of large vessels, reported by Odermatt4' and by Spiegel and Wassermann;47 by (3) contraction of arteries as after sodium iodide injections, reported by Moore,87 and by Moore and Singleton;`8 and indirectly by (4) tissue anoxemia as after diminished coronary supply in the unanesthetized dog, reported by Sutton and Lueth. 49 In short, then, visceral pain may be. caused by adequate, physiological stimuli, such as rapid distension or vigorous contraction of hollow viscera of the gastro-intestinal and genito-urinary tracts; or rapid stretching of the capsule of a solid viscus like the liver; or by contraction, over-distention, crushing, or stretching of blood vessels; or by anoxemia of functioning muscular tissue as in coronary occlusion.
*Referred Pain: Disputes have long been waged over the manner in which pain-evoking impulses are conveyed from the viscera to the central nervous system. As early as 1875, Lange,28 and in 1887, Ross48 had seen that pain from the viscera was sometimes reflected to the periphery, there to appear as though it had originated in the periphery. Indeed, the patient was commonly unaware of visceral pain, noticing only the peripheral condition. Ross, therefore, described (1) true gut pain and (2) referred gut pain. Ross' studies were continued by Mackenzie, 86 who has greatly influenced trends of thought in this work. Mackenzie emphasized the referred pain, but ignored the idea of direct visceral pain. Thus, heart pain was shown to be felt as though the trouble were on the chest wall and inner side of the left arm, which is the surface distribution of sensory nerves which enter at the same level as the afferent nerves from the heart. Mackenzie suggested that the reception of the unusual stimuli from the cardiac affere^nt fibers (normally there are no pain stimuli from the heart) creates an "irritable focus" in the spinal cord which causes the other impulses received at that level to be exaggerated. Thus, a light pin-prick upon the surface of the skin supplied by posterior root nerves from this level becomes distinctly disagreeable; this phenomenon, known as hyperalgesia, was the explanation offered by Mackenzie as proof of referred pain. Besides sensory disturbances, referred pain "may give rise to motor acts of muscular contraction" and salivation as seen in angina pectoris.
Head25 suggests another explanation,-that the person is accustomed to associate impulses received from a certain spinal level as coming from the periphery. Now, when an unusual set of impulses, such as cardiac pain impulses also enter at that level, they are interpreted as also arriving from the periphery, which normally supplies impulses to that level. Head thinks such transference from regions of low sensibility to high sensibility is a general law. He finds that in tabes a pin-prick applied to an area of low sensibility i9 referred to an area of greater sensibility. Davis Capps' has shown that the diaphragm, which is embryologically formed from several sources, has subdivisions in the region of referred pain, dependent upon the part of the diaphragm stimulated. The stronger the stimulus applied to the diaphragm the wider the area of referred pain and the greater the tenderness and muscular rigidity in these areas of reference. The areas of referred pain for the various viscera are listed by Capps and Coleman.6
Direct Paths of Pain: Anatomical, physiological, and clinical evidence has been presented for the occurrenae of referred pain. Weiss and Davis5" have shown that anesthesia of painful skin areas will afford temporary relief from visceral pain. Nevertheless, the concept of referred pain has been shown unsatisfactory in explaining all visceral pain, as seen in the following pointed remarks made by Morley.39 (1) In disease of the gall-bladder why does the pain continue to extend more caudally as the gall-bladder elongates? Referred pain from an organ should remain stationary even though the position of the organ be changed.
(2) As a rule, pain of appendicitis eventually localizes over the appendix.
(3) In cases of gastric and duodenal ulcers a brass ring was fastened onto a visceral organ. When the patient changed position, the region of pain likewise shifted. X-rays showed that the region of pain pointed out by the patient in each position was in every designation identical with the region occupied by the brass ring.
Some recent clinical observations support an explanation of these phenomena, to wit, that besides true gut pain and referred pain, there is a third type which arises from the sensitive peritoneal and pleural mesenteries. In cases of pleural effusion which separated parietal and visceral pleurae, Capps' pushed a hollow trocar into the pleural cavity, then passed a stiff silver wire through the trocar.
No pain was felt when this probe pressed against the visceral pleura, but pressure against the parietal pleura caused sharp pain over the region stimulated. Patients could not distinguish whether the pain were internal from the pleura or whether it were referred to the thoracic wall in the region directly over the spot stimulated. A parallel condition was observed in the abdominal peritoneum where tlhe visceral peritoneum was insensitive, the parietal peritoneum giving rise to localized pain which could not be differentiated into pain in the peritoneum itself or pain referred to the abdominal wall directly over the spot stimulated. These findings of Capps suggest that the unexplained pain from gall-bladder, appendicitis, and the brass ring experiments might be partially due to pressure against the sensitive parietal peritoneum.
In the pericardium a different situation exists. Neither stimulation of the inner, serous surface nor stretching of the sac by pericardial effusion causes much pain, but stimulation of the lower part of the fibrous pericardium, apparently supplied by the same phrenic afferent fibers which supply the center of the diaphragm, gives rise to referred pain in the neck. Capps' conclusions are that heart pain is due to:
1. Involvement of mediastinal tissues, or 2. Involvement of diaphragmatic pleura, or 3. Interference with the coronary flow to the heart. There is good evidence that the last cause is indeed common. Sutton and Lueth49 have placed a loop of thread under a coronary artery in anesthetized dogs. When the dog regained consciousness, the experimenters pulled on the thread, shutting off the blood flow. This gave rise to evident extreme pain.
Other recent work also indicates that visceral pain may be perceived directly as well as by being referred to the periphery. In recent years the laboratory and the clinic have both revealed that the elimination of referred pain has failed to give either complete or lasting relief. Although novocainization of referred chest pain in angina pectoris aids temporarily, Danielopolu' writes that-removal of sensory nerves to the periphery (the intercostals) does not give permanent relief. White, Garrey, and Atkins53 cut the intercostal nerves in dogs without diminution of pain as long as the sympathetic rami were left intact. The pain ceased only after the section of these rami or of the posterior roots of spinal nerves (i.e., the central connections of the visceral afferent fibers which course through the sympathetic channels). Weiss Histologically, myelinated fibers similar to the afferent fibers in somatic nerves are interspersed among the efferent autonomic fibers. These have no synapse in the sympathetic ganglia but run from the viscera through the sympathetic ganglia without relay into the white rami to their cell bodies in the posterior root ganglia of the spinal nerves. Physiologically, as well as histologically, these fibers are identical with cutaneo-sensory fibers, as shown in tests of their properties of electrical conduction. Davis, Pollock, and Stone"2 added to the evidence for direct visceral pain in laboratory experiments in which the gall-bladder was distended in cats. Sections of the intercostal nerves decreased, but did not eliminate, the manifestations of pain. Resection of the right splanchnic nerve or cutting of the appropriate posterior roots abolished the pain.
Claims have been made that visceral pain fibers enter the anterior roots. Davis1" has recently (1933) shown, however, that pain fibers are no exception to the Bell-Magendie rule that afferent fibers enter by way of the posterior root, and efferent fibers alone constitute the anterior root. Davis found that impulses claimed to enter the spinal cord after section of posterior roots do not enter through anterior roots but through posterior roots of adjacent cord levels whose dermatome distribution overlapped into the supposedly denervated area. Sectioning of a sufficiently large number of posterior roots eliminated all forms of sensation even though the anterior roots were left intact. The vagus nerve is known to convey afferent stimuli for vomiting and hunger, but does not seem to convey pain impulses from the viscera. This is apparent from surgical knowledge that spinal anesthetics and cord injuries may abolish visceral pain although the vagal pathways be uninterrupted. Several surgeons have reported injection of the vagi with novocain without quieting angina pectoris. Pertinent experiments have been performed by Bradford Cannon,5 who imbedded electrodes about various nerves in cats, stimulating the nerve directly after the animal had recovered from anesthesia. He has confirmed the work of Lennander3' and Foerster16 that the vagus below the recurrent laryngeal branch has no pain fibers.
There remains the possibility that the sacral parasympathetic system may transmit pain. Learmonth29 obtained relief from bladder pain only after cutting the inferior hypogastric plexus, a destruction of both parasympathetic and sympathetic fibers. He did not obtain relief through section of the superior hypogastric plexus, but this does not eliminate the possibility that sympathetic fibers may enter the lumbar sympathetic chains without passing through the superior hypogastric plexus. Fontaine and Herrmann,17 and Cleland7 suggest that uterine pain is eliminated after destruction of sympathetic connections alone. Cannon,5 working with cats, and Hamilton23 with rabbits, found demonstrations of pain occurring after stimulation of the lumbar symripathetic chain above the third lumbar nerve or after stimulation of the splanchnic nerves. But the confusion existent in evaluation of sensations received from the miscellany of pelvic nerves, and the anatomical dissimilarities between primates and carnivores with regard to sacral nerves hardly justify elimination, as yet, at least, of the possibility that the sacral parasympathetic fibers may convey pain impulses.
As for surgery, White52 stresses the sympathetic ganglia or posterior roots as the logical point to cut visceral afferent fibers, since the fibers are there gathered together. Distal to these regions the fibers spread and follow branches of arteries. Centrally they lie close to the gray matter and seem to cross frequently from side to side. This may explain the finding that chordotomies sometimes fail to relieve visceral pain. That sections of the spinothalamic tracts may not still cardiac, gall-bladder, and renal pain, although somatic pain sensations are removed, is further proof for other types than referred pain.
It might be appropriate to describe some of the clinical means used to diagnose the level of visceral pain, especially in view of the present-day indulgence in sympathectomies, which has led in some cases to sectioning of sympathetic nerves that would not affect the pain. Besides diagnosis for surgical treatment, such knowledge may expose psychoneuroses and malingering and non-organic disorders. The true condition may sometimes be revealed by the same procedures used to test vasomotor conditions, namely, temporary nerve block with novocain. In the sufferer from true visceral pain, novocain at the appropriate level stops the pain. Malingering may be revealed by using, without the knowledge of the patient, ineffective solutions, such as saline, and effective ones of novocain and then comparing the sensations reported by the patient. Tests should be repeated until the examiner is certain, for the patient may feel relieved by the mere fact that something is being done for him. In injections of ganglia it has been shown that to avoid spreading only a small amount of novocain (2 cc.) should be used. Valuable information can also be obtained from observations of the areas of hyperesthesia and sweating.
In diagnosing unknown visceral pain, Alvarez2 has suggested a useful preliminary procedure of giving high spinal anesthesia and noting the dermatome level of anesthesia when pain disappears. Upon the return of pain the anesthesia of the trunk should have disappeared at that level. In the neurotic patient trunk anesthesia may not affect the sense of pain; hence, pain and dermal sensation will be unassociated. It should be remembered that pain in the viscera themselves may be relieved by interrupting the correct sympathetic fibers, but that pain from the parietal pleura or peritoneum travels by way of somatic nerves and should be interrupted at the ganglia or posterior roots. Therefore, in attempting to eliminate pain from a visceral source, a temporary anesthetization of posterior nerve roots may be done in the suspected area and the appropriate posterior roots or ganglia ascertained for subsequent sectioning. For a more complete discussion of the surgical aspects and the autonomic system in general, White's52 excellent monograph is recommended.
In a general consideration of the visceral pain pathways it might be said, then, that there are viscero-sensory fibers in the sympathetic systems, with the possibility that sacral parasympathetics but not the vagus may also convey pain. Adequate stimuli may excite these fibers which resemble histologically, physiologically, and anatomically cutaneo-sensory fibers; they pass through the sympathetic ganglia without synapse to the spinal root ganglion, the impulses passing centrally to the spinal cord via the posterior roots, but not through the anterior roots. The logical point for resection seems to be in the sympathetic ganglia or in the posterior roots, since both centrally and distally the fibers ramify considerably. These fibers may convey pain impulses directly and may arouse referred pain in cutaneous areas innervated by nerves from the same level.
be expected from resection, to expose malingerers, and to identify Temporary anesthetization of pain fibers serves to indicate what can neurotics and functional disturbances. Pain fibers are also found in the parietal mesenteries.
Peripheral Pain
In view of the extensive literature and work upon the subject of periarterial sympathectomy and ganglionectic sympathectomy to relieve pain in the extremities, the work of Sturup and Carmichael48 is very significant. These workers examined the pain pathways from the blood vessels of the index finger to see if the fibers passed along the blood vessels of the arm for some distance, or if the fibers left the vessels to join the nerves to the skin and muscles of the arm, such as the ulnar nerve. The ulnar nerves of two young males were narcotized at the elbow and the digital arteries of the little fingers were then dissected out. Although the arteries are known to be sensitive to pain, the experimenters found that electrical stimulation, stretching, and cramping aroused no obnoxious sensation, indicating that pain pathways do not follow perivascular plexi until *reaching their central connections but transfer to spinal nerves. This confirms the histological work of Busch,4 who could find neither medullated nor non-medullated nerves coursing along the main trunk of the vessel to its peripheral branches, and the work of Coates,8 who traced in cadaver dissection frequent branches between nerve trunks and limb arteries, and that of Woolard and Phillips,54 who anesthetized various peripheral nerves to the leg and arm to find that vasoconstriction in each area is controlled by fibers from the peripheral nerves to that area. Davis and Pollock"1 12 have performed similar experiments upon decerebrate cats, cutting the spinal nerves distal to the rami communicantes; thereafter no reflex was mediated upon direct stimulation of the limb arteries even though the arterial plexi and sympathetic connections were left intact. Similar results have been obtained in other animal experimentation.23 ' 38 This evidence points to periarterial sympathectomy as being ineffective in resecting pain pathways.
There are no special receptive organs such as are claimed for other sensations, only naked nerve endings; sufficiently strong stimuli applied to a sensory nerve, such as caused by an excessively loud noise near the ear, may give rise to a painful sensation.
The evidence at hand provided by Gasser and Erlanger,21 22 Adrian,1 and Ranson42 indicates that pain is conveyed by fine myelinated and unmyelinated fibers. These fibers pass to the spinal cord via the peripheral nerves.
Pathways in Central Nervous System
In the spinal cord the pain pathways are found closely accompanied by those for temperature fibers. Entering the cord they pass, after a segment or more, to the opposite side, ascending in the lateral spinothalamic tract, the temperature fibers lying dorsal to those of pain. At progressively higher levels the incoming pain and temperature fibers are more medially placed, piling up, as it were, on the inner side of the lateral spinothalamic tract.
The first neuron in this system has its cell of origin in the spinal ganglion. The fine fibers of this neuron probably enter the cord through the lateral division of the dorsal root to end in the substantia gelatinosa Rolandi. For these dorsal root fibers the impulses are transmitted to neurons of the second order, the processes of which cross ventral to the central canal and ascend in the lateral spinothalamic tract and mesial fillet of the opposite side to the thalamus. An accessory tract of short chain neurons in the gray matter of the spinal cord has been postulated to explain the failure of sections of the lateral funiculus to abolish pain.
Head24 believed that the chief center for pain is the thalamus, that pain is a primitive protective mechanism which is not represented in the cerebral cortex. Phylogenetically, according to his belief, the evolution of the cortex introduced inhibition of the feeling of pain and inhibition of some of the more or less automatic responses to such sensations. Certain human cases in which there was said to be complete destruction of the sensory cortex retained their appreciation of pain. In lesions interrupting fibers between the cortex and thalamus, intractable pain appeared upon stimulation of the contralateral dysesthetic side of the body. The experiments of Dusser de Barenne"3 14 since occlusion causes the blood vessels to lose their tone. It is not due to anoxemia, for no pain appears after the arm has been exercised just a few seconds less than the amount necessary to cause pain and the ligature then kept in place for some time. If anoxemia were the cause, pain should have resulted with the increasingly deficient supply of oxygen, whereas pain does not result even if the occlusion is kept in place as long as 5 minutes. Muscular activity, although not the immediate cause, is related to the pain. Lewis believes that a pain-producing factor, which he designates as "P" substance, is liberated into the tissue spaces upon exercise, but that in normal circumstances, this is removed by the blood stream. This pain-producing factor may be lactic acid or other intermediary metabolite accumulating during anoxemia.3 In exercise of an occluded limb, this substance is amassed in quantities large enough to produce pain. If muscular exercise in an occluded limb is continued only until a certain degree of pain is produced and the exercise then stopped, the pain remains of the same intensity unless more exercise is taken or the blood flow restored.
Lewis believes that pain from coronary occlusion arises in the same manner. In attacks of angina pectoris the condition is visualized as follows: the heart in these patients is taxed to capacity to carry on normal activities. Any extra exertion demands additional blood supply which is not furnished and a condition of relative ischemia occurs with accumulation of "P" substance.
In a study of the effects of counter-irritation upon pain Gammon, Starr, and Bronk20 have given further evidence for a pain-producing factor in the tissues which is removed by the blood stream. Obstruction of arteries supplying an injured part promptly exaggerates, and release promptly abolishes, the pain; venous obstruction gradually increases the pain. Even as long ago as 1879 Roy and Brown44 suggested that the local control of blood flow is determined by the concentration of metabolites in the tissues, an hypothesis strongly supported by Freeman's recent studies18 of local alteration of blood flow by temperature and metabolism of the vascularized part.
Summary
The theory of Lewis regarding the production of pain, which seems the most adequate of existent theories, is the accumulation in the tissues of a pain substance which is produced by metabolism. However excited, impulses follow pain fibers which pass from the 225 viscera through sympathetic trunks but not through the vagus nerve. They are known to result in referred pain. Referred pain, sweating, hyperalgesia, and temperature changes are valuable indices in localizing visceral lesions, in recognizing psychotic cases, and in exposing malingering. Pain may also be conveyed from the parietal mesenteries in a manner indistinguishable from visceral pain. In the limbs, individual pain fibers are periarterial for only short distances before passing from blood vessels to nerve trunks. The ideal surgical site for the certain removal of these pathways is at the sympathetic ganglia or posterior nerve roots, since the fibers tend to be more scattered where peripheral and central to the ganglia.
